We have had a strong mechanism for interaction between power production companies and the power trading/supplier companies for a number of years by now. In the future we can expect new types of more interactive communications between single customers and groups of customers towards the energy market companies. We can also expect a stronger demand-side from the customers, e.g. to buy only green energy, only nuclear etc.
These new type of systems will put new demands on both hardware for supply and software to handle the services/functions. As part of developing this, mathematical modelling of the systems and tests with simulators will be an important tool. Also new soft ware functions will be developed to support the actual services, like simulators giving information on how different actions you make as a user will influence your energy consumption in the future, both short term and more long term. For the more long term case, new investments in new hardware and software may be proposed and evaluated for users in both technical and economic terms.
In this paper the system aspects including the costs is analysed through a simulation model. This includes the physical system as well as the user behaviour and possible effects of different price models, like a combination of kW and kWh. The effect on the users, the distributors and the power producers are evaluated.
Background
The total energy demand is approximately 400 TWh/y in Sweden. From this the total electricity demand is 146 TWh/y. 45 TWh/y of this is used to heat buildings. The electric power production is primarily made by Nuclear power 70 TWh/y and Hydro power 70 TWh/y. The maximum electric power is 27 500 MW, but this capacity is only needed when it is really cold outside, or large amounts of electricity is exported to other countries. Principally 9 000 MW is used for peak load when it is very low outdoor temperatures. It may also be possible to import power during peak load, but then the capacity of the transmission lines will be the limiting factor.
The settlements around the cities are expanding. This leads to a need for new cables and other equipment like transformers or to limit the maximum power, e.g. by differentiated prices. In general, the potential for energy reduction can be promoted in three main sectors of energy users: in households, office buildings, and industry. This potential can be achieved by implementing various techniques and initiatives oriented at changing consumers' behavior in the direction of more efficient energy use. What we can see from this is that wind power has a major interest from a cost point of view. A problem still is that the wind intensity is not correlated to the demand for electricity. In figure 1 we can see a diagram showing power output at different level as a function of the total number of hours at this production level per year. If we look at single houses [4] Bartusch et al (2008) the situation is similar. The variation between different houses does not correlates to the number of persons living in them (figure 3). It is also interesting to see that households with direct electric heating have almost the same energy consumption as those with a a combined heating system. Only for houses with non-electric heating we see some correlation for very large families compared to those with fewer household members.
Figure 3
The energy consumption correlated to the number of inhabitants in single houses for households with different type of heating systems: direct electric, electric with heat pump, combined electric and biofuel stove and non-electric. It is also interesting to see that the correlation to other factors like size of the house is low, as shown in figure 4 . If the correlation factor had been around 1.0, there would have been a clear correlation, while here it is almost 0 for combined systems, which shows absolutely no correlation, and as highest 0.367 for direct electric heating, which is a very weak correlation. In [5] , [6] we can see other similar data presented.
Figure 4
Correlation between electric power consumption as a function of the size of single houses with different heating systems: direct electric, electric with heat pump, combined electric and biofuel stove and nonelectric.
The conclusion from this is that the individual behaviour is the most significant factor for the energy consumption. This leads to both advantages and disadvantages. The negative part is that it is difficult to perform direct predictions from data based on number of persons in a household, type of house, size etc. The positive part would be that behaviour can be changed. There are different incentives that can drive the behaviour in the correct direction, e.g. energy prices and environmental issues. Information and improvement of knowledge could also give positive effects. We now will look at different energy systems and give a frame work on the correlation between different energy systems and how the effect of incentives could affect the systems.
Purpose with the simulations
The simulation model includes production facilities as sources, and sometimes also with storage capacity, transmission and distribution including loss calculations, and consumption by industry and households/offices.
Starting with the power production we include wind power plants, solar power, nuclear power, hydro power and thermal power plants. For the storage the focus is on hydro power, where pumps can be used to lift water back up to storages during low demand times. Also local small scale storages are assumed, e.g. cars and batteries. At the household side we assume different consumption patterns depending on time of the year, week, and day. Also individual differences are included. The purpose of the model is to investigate how the losses will depend on different production conditions, especially the varying power supplies like wind and solar power. The simulations also considers how variations in the consumption pattern may influence the energy system, and what peak load cuttings would mean to the system.
Simulation model
The electric power in a power station is normally produced as a turbine drives a synchronous generator. A voltage is produced, as well as a current. If we have the new type of combined generator and transformer, the powerformer, we can produce a high voltage like 130 kV directly. Otherwise, the produced voltage will be lower, and a transformer will bring it up to the wanted level before the transmission to the customers. Transmission lines are normally 130 kV, but can be also 400 kV, or even higher, in the national transmission lines. When the power reaches the customers, some industry or group of households or offices, the voltage is taken down to 380 V . We normally have three phases, with 220 V or 110 V single phase finally -220 V in Scandinavia .
In most transmission lines we use three phases. If we feed a symmetric three phase voltage, this can be seen as in the figure below: Figure 5 . Three phase load with three phase feed, using a Y-connection
In the figure R is the resistance in each cable; L is the inductance and Z the impedance. U is the potential difference between the phases. The potential drop between two phases from feed to load is given by:
" 2 is the shift between the phases. This is positive at inductive load, that is if U 2 is before I in the phase. For a copper transmission cable, the resistance is 1,7 $/km if the area of the conductor is 10 mm 2 , while 0,17 $/km if the area of the conductor is 100 mm 2 . The inductance L is almost independent of the conductor material for conductors up in the air, as long as the distance between the conductors is significantly larger than the diameter of the conductor. At 50 Hz X= #L =ca 0.4 $/km, phase. Normally L can be neglected compared to the resistance R. Then also the term #Lsin " 2 can be neglected.
The loss in the conductor line due to the resistance is now given by:
where P f = resistive losses, R = resistance in one conductor, I= current and W= number of conductors. There are also other types of losses due to turbulence and hysteresis in metallic shields and losses in insulation materials, but these can normally be neglected.
A more important factor with respect to transmission losses is due to reactive power. The active power in AC-current is given by: P = U × I × cos"
When cos" = 1, that is when the shift between the phases " = 0, we have a maximum power transmission. When the phase shift increases, it will not be possible to transport as much current and power as before. We can compare to a beer bottle. If we have a lot of froth ( = reactive power) we cannot fill the bottle with beer (= active power). Asynchronous motors or drives will produce reactive power. This can be counteracted by using a synchronous motor or capacitors. This is called reactive power compensation. We do not include reactive power compensation in these calculations, typically this could improve the capacity by approximately 15 -20%.
It can also be interesting to look at transmission and distribution losses in some different countries presented by [7] (World Bank 2002): World-wide 9%, Sweden, US, China 7%, Benin 71%, India and Iran 18%, Mexico 15% (Thedata is for the year 1998).
from the simulation and discussion
A simulation model has been made according to what has been described above. We now will use it for some system calculations. For Sweden hydro power is of major importance, and thus we start with a comparison of a system where we produce 300 MW electric power from a hydro power plant 1000 km away from where it will be utilized. We then compare this system to a system with a maximum 300 MW wind power plant at the same site. A system where as much as possible is produced is compared to one where we maximize the production from the wind power plant and then use the hydro power plant as a buffer system. In the first system we also look at the possibility to use the wind energy to pump water back to the hydro power dam when the demand for power is low.
First we look at the transmission line. For a 300 MW transmission line we assume a cable with 2000 mm area of copper. This corresponds to a 50 mm diameter cable. The resistance is approximately 0.0085 % /km. For a 1000 km line then the resistance will be 8.5 %. The current I = 300 000 KW /(!3× 400kV) = 433 A. The power losses P f = 8.5 % × 433A² × 3 = 4.8MW or 1.6% losses. For a 500 mm area copper cable the losses would be P f = 34 %×433 2 × 3 = 19MW or 6,3%. If we used the transmission line for a constant load of only 75 MW instead, the following losses would occur: The current is I = 75 000KW / (!3× 400 kV) = 108A and the power losses P f = 8. If we now look at a system where we have a combination of 300 MW hydro power and maximum 300 MW wind power, a maximum capacity of 600 MW would be needed. If we instead make a transmission line with the maximum capacity of 400 MW, the investment cost is reduced significantly. When there is a surplus capacity of wind power compared to the demand this may be used to pump water backwards up to the dam. The investment cost for the transmission line with respect to copper will be reduced from 866 to 577 or by 290 MSEK, and if we take the total cost for the transmission line from 3 000 to 2 000 MSEK, or 1 000 MSEK. With an annuity of 0.125 this gives an annual cost reduction by 125 MSEK/y for the investment cost. At the same time the transmission losses are reduced during the maximum load conditions, but increased to some extent when there is no wind at all. In the mountain areas the winds are quite good, and we assume that we can have maximum capacity 300 MW 20% of the year and 75 MW 60% of the year. If we operate at maximum capacity all the time, the transmission losses for this then become 300 × 8760 × 0.2 × 0.016 = 8410MWh respectively 75 × 8760 × 0.6 × 0.003 = 2365 MWh. The total losses will sum up to 10 775 MWh, to a value of 7 MSEK/y at the electricity price 650 SEK/MWh. If we run at maximum load, 100 MW, we instead get 100 × 8760 × 0.2 × 0.0053 = 929MWh, respectively, 75 × 8760 × 0.6 × 0.003 = 2365MWh. The total losses then becomes 3 294 MWh to a value of 2.1 MSEK/y. On the other hand, we will lose some of the electricity due to losses during the pumping in the pump plant. The pump will have an efficiency of 65%, which means a loss of 200MW × 8760 × 0.2 × 0.35 = 122640MWh or a value of 80 MSEK/y. This shows that building a smaller transmission capacity gives a saving of 125 MSEK/y but losses in the pump power plant gives losses (80 -(7 -2)) = 75MSEK/y. Still it can be a feasible solution to utilize the excess wind for pumping water instead of sending it directly to the transmission line. This solution also will make it possible to balance huge amount of wind power as otherwise we will run into problems with transmission of the electric power long distance. Today the total power transmission capacity from northern Sweden is 7 000 MW, but with large amount of installed wind power the capacity will be too low. If we go back to figure 1, we can see that there is a problem already with the ongoing expansion with some 2 000 MW wind when there are strong winds, and high demand, during approximately 1 000 hours per year. The energy used in households and offices is significantly higher during working days due to an increased ventilation, although the heat demand principally should be lower when you have many people, computers and other heat sources "on". This also gives an increased electric power demand for the ventilation.
We have already shown how the reduction of the peak loads is reducing the capital cost on the transmission lines, but also how the reduction of losses gives additional earnings, when the total transfer of power is reduced in an existing line. If we reduce the total peak power from 600 to 400 MW the transmission capacity can be reduced as shown, with annual savings of 125 MSEK for capital costs. If we also reduce the time when the maximum capacity is utilized, additional reductions in losses are gained in the range of 1 -10 MSEK/year, as shown earlier.
An alternative approach is to keep the transmission of power from the north at as constant level as possible, and then compensate the variations in the demand locally. In this case we can have both local storages like batteries as well as local production of electric power and/or heat. If we produce as much wind power and solar power as possible, when available, batteries in plug in cars can be interesting as the energy storage media. If we assume that the battery is a lead battery like the common ones in cars, the capacity we can store is 30-40 Wh/kg and the efficiency 70 -92%. The number of cycles for a battery is for this type some 500 -1 000 cycles, and the life time 3 -20 years, depending on the operating conditions. For a Litium-ion battery the capacity may be 160 Wh/kg and the efficiency is 99.9%, and the number of charging cycles may be around 1 200 cycles during a life time of 2 -3 years. There are also some new alternatives that may prove to be very interesting in the future. The company EEstor claim that they can charge their double layer capacitor system in five minutes with 52 kWh in a 152 kg heavy (33 liter) unit. This operates at 3500 V, which makes this possible. This means 200 -300 Wh/kg, and the efficiency is 95% in the experiments performed. The car they have tested on can travel 480 km with one charging (52 kWh), which means 1.3 kWh/10 km. The target price for such battery is $2 100 (12 600 SEK), but right now it is $3 200 (19 200 SEK). If we assume the life time will be five years and we travel distance of 10 000 km/y, the cost per 10 km would be with an annuity factor 0.2 only 3.8 SEK. If we add the cost for the electricity 1.3 × (1 / 0.95) × 1SEK/kWh = 1.4 SEK the total cost would be 5.2 SEK/10 km, which is about half the cost that we pay for gasoline.
If we just use existing lead batteries, the cost for a battery with the capacity 2,6 kWh is 2 000 SEK with the volume 30 liters, and the weight 65 kg. If we want a transportation distance of at least 150 km, it means 15 × 1.3 = 19.5kWh, with a price of some 19.5 × 2000 / 2.6 = 15000SEK. This would mean with an annuity of 0.2 and 10 000 km/y only 3 SEK/10 km. This means that even the batteries of today could be economic, although the weight would be some 450 kg. With a Litium -Ion battery the battery weight may be only 100 kg for the same capacity, but the life time probably shorter.
From this we can make a simulation where we charge the batteries while the price of electricity is low, that is when the demand is lower than the available capacity normally. If you have your own photo voltaic solar panel this would be when there is day-light. If you buy power from the grid, this will be the case when it is windy and wind power production is high, or when the general demand is low. The first case with your own production when it is day-light will reduce the demand from the grid during the summer half of the year, while the demand will be higher during the winter months.
If you have electric heating, this can be compensated by using a pellet burner or wood stove for heating instead, at least when the electricity price is high. For a house that changes the electric heating system with full load to one with reduced electric load including e.g. pellet boiler goes from approximately 9 kW to 3 kW maximum electric load. How far the new maximum load will last depends of various conditions. For a house with electrical heating it will be during very cold winter time problems occurs. During the last 20 years, this has been very rare in south and mid Sweden, but normally at least 2 -3 days per winter, when it is significantly below -10 °C. The power consumption as well as the wind energy production is seen in the figure 10 below. Here we can see that the normal summer load is around 10 000 MW, while approximately 20 000 MW during the winter. There are few peak loads up to 27 000 MW during very cold days. We can see that it is more wind power produced during the winter, but there are also periods with almost no wind even winter time. Still, there should be a possibility to reduce the power consumption by 30 -50% by introducing better incentives to bring down peak loads. If we look at the short term variations we can see that these are within 2 500 -5 000 MW year around, and this variation can be handled with short term storages. This would reduce the need for transmission and thus also reduce the losses. 
Conclusions
In this paper we have shown how the existing electric power consumption pattern looks like and what the consequences would be if we could change the consumption pattern through good incentives. The peak load can be reduced by some 30 -50% and the short term variation by some 10 -20% over the year. For the calculation a simulator model has been used. Here we can see how the optimal system could look like under different assumptions.
FÖRSLAG TILL conclusions OVAN
This paper presents existing electric energy consumption patterns and discuss consequences if these patterns could be changed through different initiatives. The peak load can be reduced in two different perspectives, long term and short term with approximately 30 -50% and 10 -20%, respectively. The calculation steps for a simulator model are presented together with a discussion of optimal energy system design choices. This proposed simulator will form a powerful tool to optimize processes and use of resources.
